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Mapping the Position of Translational Elongation
Factor EF-G in the Ribosome by Directed Hydroxyl
Radical Probing
of 23S rRNA from modification by chemical probes
(Moazed et al., 1988), identifying this rRNA feature as a
common site of interaction.
The most provocativeevidence suggesting analogous
mechanisms for the two elongation factors has come
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recently with the determinations of the crystal structures
of EF-G (ávarsson et al., 1994; Czworkowski et al., 1994)
and the EF-Tu ternary complex (Nissen et al., 1995). TheSummary
structure of EF-G´GDP is remarkably similar in its overall
shape to the structure of the EF-Tu´Phe-tRNA´GTP com-The interaction of translational elongation factor EF-G
plex. In particular, the first two domains of EF-G andwith the ribosome in the posttranslocational state has
EF-Tu are homologous in sequence and largely isomor-been mapped by directed hydroxyl radical probing.
phous in tertiary structure, while the other three domainsLocalized hydroxyl radicals were generated from Fe(II)
of EF-G (3, 4, and 5) appear to mimic the tRNA (thetethered to 18 different sites on the surface of EF-G
acceptor stem, the anticodon stem, and the T stem, re-bound to the ribosome. Cleavages in ribosomal RNA
spectively) in the ternary complex structure (Nissen etwere mapped, providing proximity relationships be-
al., 1995). The implications of this mimicry for the mecha-tween specific sites of EF-G and rRNA elements of
nism of translocation present a tantalizing puzzle.the ribosome. Collectively, these data provide a set of
Although the precise mechanism of translocationconstraintsby whichEF-G can be positioned unambig-
remains to be defined, two important clues to the mech-uously in the ribosome at low resolution. The proximi-
anism have emerged from functional studies. tRNA foot-ties of different domains of EF-G to well-characterized
printing studies have provided evidence that transloca-elements of rRNA have additional implications for the
tion occurs in two discrete steps in which the acceptormechanism of protein synthesis.
ends of the tRNAs move first with respect to the 50S
subunit, followed by movement of their anticodon ends,Introduction
relative to the 30S subunit (Moazed and Noller, 1989);
the first step occurs spontaneously, following peptideThe elongation phase of protein synthesis, as orches-
bond formation, while the latter step is dependent ontrated by the ribosome, consists of repeating cycles of
EF-G. Recent kinetic experiments have shown that GTPthree successive steps: (1) binding of aminoacyl-tRNA,
hydrolysis precedes and greatly accelerates transloca-(2) peptide bond formation, and (3) translocation of the
tion (Rodnina et al., 1997), suggesting that translocationbound tRNAs and mRNA relative to the ribosome. The
proceeds through an unstable intermediate state thatribosome has the capability of carrying out all three
involves a conformational transition in EF-G coupled tosteps on its own (Pestka, 1969; Gavrilova et al., 1976).
the tRNA binding domains of the ribosome.However, thehigh fidelity and speed of protein synthesis
To provide a basis for understanding the mechanismin vivo is achieved through the participation of two GTP-
of EF-G-catalyzed translocation, we have mapped thedependent elongation factors. In bacteria, these pro-
location and orientation of EF-G in the ribosome in detailteins are elongation factor Tu (EF-Tu), which delivers the
using directed hydroxyl radical probing. This approachcorrectaminoacyl-tRNA to the ribosome,and elongation
uses locally generated hydroxyl radicals to cleave rRNAfactor G (EF-G), which catalyzes translocation.
in the vicinity of a site-specifically tethered Fe(II) (HeilekAlthough EF-Tu and EF-G catalyze reactions that ap-
and Noller, 1996). Here, this technique has been appliedpear, at first sight, to be unrelated, increasing evidence
to EF-G using Fe(II) tethered to 18 different positionshints that their underlying mechanisms may share fun-
on the surface of EF-G bound to the ribosome in thedamental similarities. The two factors share partial se-
posttranslocational state. These data provide a set ofquence homology and both are members of the GTPase
constraints, between sites on EF-G and rRNA elementssuperfamily (Bourne et al., 1991) that use energy derived
of the ribosome, that collectively determine the positionfrom GTP hydrolysis to catalyze their respective reac-
and orientationof EF-G in the ribosome at low resolution.tions. EF-Tu delivers aminoacyl-tRNA to the ribosome
in the form of a tRNA´EF-Tu´GTP ternary complex. Fol-
lowing peptide bond formation between the aminoacyl- Results
and peptidyl-tRNAs, EF-G´GTP binds to the ribosome,
catalyzing the movement of the tRNA pair, together with Mapping rRNA Elements in Relation
the mRNA, by one codon. In both reactions, activation to the Structure of EF-G
of GTP hydrolysis depends on binding of the factors to An active form of EF-G lacking its three natural cysteines
a common site on the 50S ribosomal subunit (Gordon, was obtained by systematic site-directed mutagenesis
1969; Bodley and Lin, 1970). Moreover, EF-Tu and EF-G based on phylogenetic comparison of bacterial EF-G
cannot bind simultaneously to the ribosome (Richman sequences (Figure 1; see Experimental Procedures).
and Bodley, 1972). Both factors protect the sarcin loop Single cysteine residues were then introduced at 19
different nonconserved positions on the surface of EF-G
(Figure 1), and Fe(II) was tethered to the protein via*To whom correspondence should be addressed.
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fluorescent coumarin derivative (see Experimental Pro-
cedures).
To map the rRNA environment surrounding EF-G, the
Fe(II)-conjugated proteins were bound to ribosome
complexes in the posttranslocational state in the pres-
ence of fusidic acid and GTP, and Fenton chemistry was
initiated to generate hydroxyl radicals in the vicinity of
the tethered Fe(II). The nucleotide positions of hydroxyl
radical cleavages in rRNA were then mapped by primer
extension (Figure 3). The cleavage sites are summarized
in the 16S and 23S rRNA secondary structures shown
in Figure 4. Of the 18active Fe(II)-conjugated EF-G deriv-
atives, 11 produce characteristic cleavages in specific
elements of 16S or 23S rRNA, or both. No cleavages
were detected in 5S rRNA.
In 23S rRNA, hydroxyl radical cleavages were ob-
served in four regions from six Fe(II)-tethering sites on
EF-G (Figure 4): (1) the thiostrepton region in domain II,
where protein L11 binds; (2) nucleotide positions around
1920 and 1940 in domain IV; (3) positions in two stem-
loops extending from the peptidyl transferase loop of
domain V; and (4) positions in the highly conserved sar-
cin stem and loop in domain VI. Cleavages were ob-
served in 16SrRNA from sevenFe(II)-tethering positions,
two of which also produced cleavages in 23S rRNA.
Regions of 16S rRNA that were hit include: (1) the region
around the binding site of protein S4, at the base of the
530 loop; (2) three nucleotides in the conserved 790
loop; (3) two clusters around positions 1210 and 1230,
near the binding site of S19; and (4) the decoding site
at position 1400.
For 7 of the 18 activeEF-G Cysmutants, no detectable
cleavages were found in either 16S or 23S rRNA. Of
these, three Cys mutants (at positions 433, 591, and
627) reacted poorly with the thiol-specific coumarin de-
rivative (data not shown). The remaining four Cys mu-
tants (at positions 134, 209, 231, and 526) could be
Figure 1. Fe(II)-Tethering Positions on the Surface of EF-G
derivatized with the coumarin probe; presumably, these
Positions of cysteines introduced as tethering sites for attachment
Fe(II)-tethering positions are not close to rRNA or areof Fe(II)-BABE (Rana and Meares, 1991; Heilek et al., 1995) are
shielded by proteins when EF-G is bound to the ribo-highlighted in red on the structure of the EF-G´GDP complex (Czwor-
some (see below).kowski et al., 1994). (A) The EF-Tu ternary complex (Nissen et al.,
1995); (B) EF-G, viewed from its GDP face and aligned with the EF-
Tu ternary complex; (C) EF-G, viewed from the opposite face (rotated
1808 about the vertical axis). Arabic numbers refer to the corre- Discussion
sponding amino acid positions of E. coli EF-G where cysteines were
introduced. Domains of EF-G and EF-Tu are indicated by roman Position and Orientation of EF-G in the Ribosomenumerals.
Amongthe rRNA targets areseveral conserved elements
that have been associated prominently with ribosome
function. In 23S rRNA, both sites that are footprinted by
bromoacetamidobenzyl-EDTA (BABE) (Rana and Meares, EF-GÐthe thiostrepton region around position 1070 in
1991; Heilek et al., 1995). The activity of the Cys mutant domain II and the sarcin loop at position 2660 of domain
proteins, conjugated with Fe(II), was assayed in two VI (which is also footprinted by EF-Tu)Ðare cleaved from
ways. The ability of EF-G to bind ribosomes was as- specific positions of EF-G, providing new information
sessed by its characteristic GTP-dependent protection about the orientation of EF-G with respect to these con-
of the sarcin loop in 23S rRNA from attack by dimethyl served RNA elements. Another site of cleavage is the
sulfate (Figure 2A; Moazed et al., 1988). We also tested 1920 region of domain IV of 23S rRNA, which has been
the ability of mutant EF-G conjugates to catalyze hydro- placed near the decoding site of the small ribosomal
lysis of GTP in a ribosome-dependent manner (Figure subunit by cross-linking and directed probing studies
2B). Both assays indicated that 18 of the 19 Fe(II)-conju- (Mitchell et al., 1992; Joseph et al., 1997). In 16S rRNA,
gated proteins maintained activity levels comparable to targets include three sites that have been identified with
the wild-type unmodified EF-G. The ability of the Cys tRNA binding, comprising the 790 and 1338 loops and
EF-G mutants to be derivatized with Fe(II)-BABE was the 1400 region, which lies at the site of P-site codon±
anticodon interaction (Prince et al., 1982; Moazed andassayed by following their reaction with a thiol-specific,
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Figure 2. Binding and Activity of Fe(II)-BABE-
Derivatized EF-G Proteins
(A) Binding was monitored by the characteris-
tic protection of A2660 in the sarcin-ricin loop
of 23S rRNA from dimethyl sulfate, dependent
on GTP and fusidic acid (Moazed et al., 1988).
(B) GTP hydrolysis assayed by thin-layer
chromatography. Reactions were performed
under the conditions of the hydroxyl radical
probing experiments and compared to con-
trols with GTP alone (lane GTP) or with ribo-
somes alone in the absence of EF-G (lane
70S).
Noller, 1986). In addition, a cluster of targets accessible microscopic reconstruction representation of the com-
plete 70S ribosome. The globular end of EF-G is on thefrom positions 301 and 314 of EF-G blanket the region
surrounding the RNA binding site of ribosomal protein right side, sandwiched between proteins S4 in the small
subunit and L11 in the large subunit. Domain 4 extendsS4 (Figure 4).
There is a clear partitioning of sites on EF-G between upward toward the base of the cleft near the decoding
site of the 30S subunit. This orientation for EF-G will16S and 23S rRNA as shown by the distribution of rRNA
targets relative to the various EF-G probing positions hold in general, irrespective of the details of particular
models since the positions of several critical 16S rRNA(Figure 5). The surface of EF-G that interacts with the
50S subunit (defined by six positions of EF-G that are targets on the 30S subunit can be inferred from indepen-
dent structural studies based on neutron diffractionproximal to 23S rRNA) includes the GDP binding site
and extends from the tip of domain 4 through domains (Capel et al., 1987) and immuno-electron microscopy
(Oakes et al., 1989).3 and 5 to domain 1 (the Gdomain). The opposite surface
of EF-G (defined by seven positions that target 16S
rRNA) contains positions in domains 2 and 4 that face
Proximities between Functional Domainsthe 30S subunit. Four positions (134, 209, 231, and 526)
of EF-G and rRNAthat target neither 16S nor 23S rRNA fall along the inter-
Two of the rRNA targets are conserved elements offace of the 30S and 50S surfaces of EF-G, suggesting
23S rRNA that have been shown to be essential forthat these positions are located in a gap between the
elongation factor±dependent functions. One of these isribosomal subunits. In addition to constraining the orien-
the sarcin stem-loop in domain VI (positions 2646±2674),tation of EF-G in the ribosome, these data also provide
which interacts with both EF-G and EF-Tu (Hausner etinformation about the relative three-dimensional loca-
al., 1987; Moazed et al., 1988), and the other is the regiontions of the functionally important elements of 16S and
around position 1070 in domain II, which interacts with23S rRNA noted above.
EF-G (Moazed et al., 1988; SkoÈ ld, 1983) and thiostreptonFigure 6A shows the crystallographically determined
(Thompson et al., 1982), an antibiotic inhibitor of thestructure of the EF-G´GDP complex (Czworkowski et al.,
EF-G-dependent GTPase. The sarcin stem is cleaved1994) displayed side-by-side with a model for the folding
from position 196 in the G domain just above the GTPof 16S rRNA in the 30S subunit (H. F. N. et al., unpub-
binding site, while its loop is hit from position 650 inlished), viewed from the solvent side, highlighting the
domain 5 (Figure 4). The distance between the EF-GFe(II)-tethering positions on EF-G and their correspond-
positions 196 and 650 (39 AÊ ) is compatible with theing 16S rRNA targets in the same colors for comparison.
distance between their respective target regions in theFigure 6B shows EF-G docked on the same model, as
sarcin stem-loop structure as determined by NMR (32viewed from the opposite (50S) side. It is evident that
AÊ ) (Szewczak et al., 1993), suggesting that the sarcinthe globular end of EF-G (domains 1±3) is juxtaposed
stem-loop is oriented vertically in the ribosome with itswith the body of the 30S subunit, centered approxi-
stem at the bottom of the globular domain near positionmately on protein S4 in the lower half of the particle.
196 and its loop at the top near position 650 (cf. FigureProbing sites near the tip of domain 4 are in proximity
6B). The 1100 loop in the thiostrepton region in domainto the binding site for P-site tRNA in regions of the head
II is also hit from position 650 of EF-G, while the adjacentand platform, which together help to form the cleft of
1070 loop is hit from the nearby position 655 (Figures 4the 30S subunit. According to these constraints, we
and 5). Previous studies have suggested that the 1070infer that EF-G must lie across the 50S face of the 30S
and 1100 loops are brought together by protein L11,subunit, stretching from the S4 region of the body (in
which binds to the intervening helices that separate thethe lower left of Figure 6B) to a position near the base
two loops (Egebjerg et al., 1990; Figure 4). We proposeof the cleft (at the upper right). A consequence of this
that the EF-G-specific thiostrepton region (1070/1100docking arrangement is that the probing positions which
loops) interacts with domain 5, which has no counterparttarget 23S rRNA all face the 50S subunit, as does the
in EF-Tu, and that the sarcin loop interacts with theGTP-binding site (Figure 6B). Figure 7 depicts the in-
ferred position and orientation of EF-G in an electron G domain near its border with domain 5. Interestingly,
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Figure 3. Directed Hydroxyl Radical Probing
A and G are dideoxy sequencing lanes and refer to the sequence of 16S or 23S rRNA, followed by a set of six probing reactions in which
Fe(II) was tethered to a different EF-G position, as indicated. Hydroxyl radical cleavages are seen as additional bands (indicated by bars)
arising specifically from one Fe(II)-derivatized EF-G protein.
mutations in EF-G that confer resistance to fusidic acid from domain 2 of EF-G cleave only the exposed nucleo-
tides surrounding protein S4. The proximity of domainmap to the interface between the G domain and domain
5 (Johansson and Hughes, 1994). If stable binding of 2 of EF-G to protein S4, indicated by these data, is
also consistent with a cross-link between EF-G and S4EF-G to the ribosome depends on interaction with both
the sarcin and thiostrepton loops, fusidic acid could (Maassen and MoÈ ller, 1981). Genetic studies link S4 to
translational fidelity (Rosset and Gorini, 1969), a func-prevent release of EF-G´GDP by preventing relative
movement of the G domain and domain 5 of EF-G. tional parameter controlled by EF-Tu through a pro-
posed interaction with the nearby 530 loop (Powers andOn the opposite face of EF-G, two positions in domain
2 (residues 301 and 314) target overlapping sets of nu- Noller, 1993). Domain 2 of EF-Tu and EF-G are homolo-
gous in sequence and isosteric in structure (ávarsson,cleotides of 16S rRNA in the region where protein S4
binds (Figure 6A). Interestingly, the nucleotides hit from 1995). Taken together, these observations suggest that
the common domain 2 may couple analogous events ofEF-G precisely interdigitate the nucleotides protected
by S4 from hydroxyl radicals in solution (Figure 4; Pow- protein synthesis occurring on the 30S subunit (decod-
ing for EF-Tu, translocation for EF-G) to GTP hydrolysis,ers and Noller, 1995). Thus, hydroxyl radicals originating
Mapping the Position of EF-G in the Ribosome
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Figure 4. Summary of Directed Hydroxyl Radi-
cal Cleavages in 16S and 23S rRNA from Fe(II)
Tethered to Specific Positions on the Surface
of EF-G
Strength of cleavages (indicated by the size
of dots) are classified as strong, medium, or
weak, according to their intensity relative to
nearby sequencing bands (Joseph et al.,
1997).
catalyzed by the G domain and triggered by the 50S These include the 790, 1230, and 1330 regions of 16S
rRNA, which have been mapped to the head and plat-subunit.
Domain 4 of EF-G, which appears to mimic the antico- form around the cleft of the 30S subunit (Figure 6; Brima-
combe et al., 1988; Sternet al., 1988b;Oakes et al., 1989;don arm of tRNA in the ternary complex (Nissen et al.,
1995), is situated between the ribosomal subunits with DoÈ ring et al., 1994; Mueller and Brimacombe, 1997), and
the 1920 region of 23S rRNA, which has been placedits tip extended toward the base of the cleft of the 30S
subunit (Figure 6B). Its a-helical surface (ávarsson et near the 30S subunit decoding site by cross-linking and
directed probing studies (Mitchell et al., 1992; Josephal., 1994; Czworkowski et al., 1994) faces the 50S sub-
unit, while its negatively charged b-sheet surface faces et al., 1997). The most convincing evidence for the prox-
imity of the tip of domain 4 to the 30S decoding site arethe 30S subunit. On the a-helical side, position 700 is
oriented toward 23S rRNA, targeting conserved ele- cleavages from position 585 of EF-G to position 1400
of 16S rRNA, to which the wobble base of P-site tRNAments in domain IV and two stems that emerge from
the central loop of domain V. On the b-sheet side, posi- has been directly cross-linked (Prince et al., 1982). Thus,
the structural mimicry of domain 4, inferred from thetion 541 is oriented toward 16S rRNA near a conserved
bulge loop centered at position 1210. Two positions at crystallographic comparison, extends to its position in
or near the tRNA-binding region of the ribosome.the tip of domain 4 (506 and 585) are located near a
major point of convergence of the 30S and 50S subunits, This orientation of domain 4 is strongly supported by
the rRNA cleavage patterns observed for Fe(II) tetheredtargeting several elements of both 16S and 23S rRNA.
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Implications for the Mechanism of EF-G-
Catalyzed Translocation
The structural similarity between EF-G and the EF-Tu
ternary complex (ávarsson et al., 1994; Czworkowski
et al., 1994; Nissen et al., 1995) has stimulated renewed
interest in understanding the mechanism of transloca-
tion. At the center of this discussion is the role of the
RNA-like domain 4 of EF-G and the underlying basis for
its apparent molecular mimicry. One suggestion is that
domain 4 of EF-G actively drives the anticodon arm of
peptidyl-tRNA out of the 30S A site and into the P site
(Nissen et al., 1995; Abel and Jurnak, 1996). However,
this mechanism does not account for the fact that trans-
location can occur spontaneously and in an EF-G-inde-
pendent fashion (Pestka, 1969; Gavrilova et al., 1976).
Another possibility is that domain 4 may catalyze trans-
location by a more passive mechanism. It may serve as
a kind of ªdoor-stopº by occupying the 30S A site,Figure 5. Distribution of Fe(II)-Tethering Positions on EF-G Classi-
fied According to Whether They Target 16S or 23S rRNA Elements thereby trapping tRNA in the posttranslocational state
and precluding translocation in the reverse directionResidues colored in yellow target 16S rRNA elements. The red resi-
dues target 23S rRNA elements. The two cyan residues at the tip (Rodnina et al., 1997). Such mechanisms predict that
of domain 4 of EF-G (positions 506 and 585) hit elements of both EF-G primarily affects the equilibrium between the pre-
16S and 23S rRNA. The gray residues do not hit either 16S or 23S and posttranslocational states. However, kinetic data
rRNA and therefore appear to run along the subunit interface. In
indicate that EF-G substantially reduces the activationthis view of EF-G (similar to Figure 1C) the large subunit is above
energy barrier associated with the transition betweenEF-G and the small subunit is below. The rRNA domains of the two
the two states. Compared to the activation energy (20subunits are also shown organized around EF-G.
kcal/mol for spontaneous translocation versus 7 kcal/
mol for EF-G-catalyzed translocation; Schilling et al.,
to the 59 end of short anticodon stem-loop (ASL) analogs 1992), the difference in free energy between pre- and
(Joseph et al., 1997). Cleavages from positions 506 and posttranslocational states is small (z1 kcal/mol; Schil-
585 of EF-G mimic those of P-site ASL probes, while ling et al.,1992); overcoming this barrier mustbe a signif-
hits from position 541 of EF-G overlap with those of icant feature of the mechanism of EF-G-catalyzed trans-
A-site ASL probes. These results place the small subunit location. It has been proposed that EF-G triggers an
P site toward the distal end of domain 4 and the A unlocking of the ribosome that is prerequisite to move-
site toward the proximal end, in agreement with current ment of tRNA (Spirin, 1985); we suggest that domain 4
views on the relative positions of tRNAs in the ribosome of EF-G could play such a role by promoting a conforma-
(Noller et al., 1989; Wower et al., 1989; Agrawal et al., tional change in the ribosome that leads to the unlocked
state.1996; Stark et al., 1997a).
Figure 6. Model for the Interaction of EF-G with the 30S Subunit
Fe(II)-tethering positions on EF-G and their corresponding targets in 16S rRNA are highlighted in the same colors. Relative color intensities
indicate strength of cleavages.
(A) Crystallographically determined structure of EF-G and a model for the 30S subunit, viewed from the solvent side.
(B) EF-G docked onto the 30S subunit, by superposition of the Fe(II)-tethering positions on EF-G and their corresponding targeted nucleotides
in 16S rRNA. The EF-G-30S subunit complex is viewed from the side that interacts with the 50S subunit. The bound GDP and Fe(II)-tethering
positions (colored in red) that target 23S rRNA elements all face the 50S subunit.
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that translocation might involve relative movement of
the two ribosomal subunits (Bretscher, 1968; Spirin,
1985; Moazed and Noller, 1989). The 1920 region of
domain IV interacts with the decoding site of the small
subunit, forming part of an intersubunit bridge (Mitchell
et al., 1992; Agrawal et al., 1996; Stark et al., 1997a; C.
Merryman and H. F. N., unpublished data). Its close
proximity to the tip of domain 4 of EF-G is strongly
suggestive of a mechanism that involves modulation of
intersubunit contacts. The position and orientation of
EF-G inferred from our studies, in which its long axis is
oriented approximately parallel to the subunit interface,
allow it to make contact simultaneously with both sub-
units, consistent with such a possibility. In this orienta-
tion, the size and shape of EF-G (and by extension,
the EF-Tu ternary complex) seem well matched to the
intersubunit cavity observed in electron microscopic re-
construction studies (Agrawal et al., 1996; Stark et al.,
1997a).
We suggest the following general scenario: The
GTPase activity of EF-G is triggered by contacts be-
tween its G domain and elements of 23S rRNA, which
probably include the sarcin loop (Brigotti et al., 1989),
leading to a conformational change in EF-G. Based on
the differences between the structures of the GTP and
GDP forms of EF-Tu (Berchtold et al., 1993), we would
expect rearrangement of the G domain near its interface
with domains 3 and 5. This could result in movement of
Figure 7. Schematic Representation of the Position of EF-G in the domain 4, via its connections todomains 3 and 5,relative
Complete 70S Ribosome, as Viewed from the Solvent Side of the to the G domain. Repositioning of domain 4 near the
30S Subunit
decoding site would place it in an intermediate state
The outline of the EF-G´GDP crystal structure is shown docked between the pre- and posttranslocational states. Its new
between the contours of the 30S and 50S subunits (Frank et al.,
position would permit interaction with one or more of1991). Also shown are the locations of key proteins (S4, L1, L7, L11)
the ribosomal elements discussed above, which wouldand positions of RNA targets in the decoding region of 16S rRNA
(790, 1400), and domain IV (1920), the thiostrepton region (1070), catalyze the transition to the unlocked state. Transient
and sarcin loop (2660) of 23S rRNA. Elements of the 30S subunit relaxation of tRNA-binding contacts would most likely
are labeled as filled characters and those of the 50S subunit as be coupled to establishment of new contacts made pos-
open characters.
sible by movement of substructures within the ribo-
some. This would, in turn, be coupled to concerted
Recent kinetic studies indicate that deletion of domain movement of tRNA and mRNA. As tRNA vacates the
4 of EF-G causes a 1000-fold reduction in the rate of 30S A site, its occupation by domain 4 of EF-G would
translocation without affecting either ribosome binding prevent reversal of the translocation event during the
or GTP hydrolysis (Rodnina et al., 1997), suggesting that remaining lifetime of the unlocked state. Disruption of
this feature of EF-G plays a critical role in the catalytic the contacts made by domain 4 in its intermediate state
mechanism. Its effects could be mediated by interac- would reestablish the locked state, followed by release
tions with nearby structural features, which could, in of EF-G.
turn, influence the conformational state of the ribosome, Apart from the close proximity of domain 4 of EF-G to
possibly in an allosteric manner. its potential ribosome interaction sites, there is presently
The tip of domain 4 is adjacent to three key functional no direct evidence to support its proposed interaction
elements of the ribosome, each of which has a potential with these sites. Footprinting studies on EF-G-ribosome
mechanistic relationship to translocation. (1) The 30S complexes, for example, have so far failed to turn up
subunit decoding site. The small subunit must in some any EF-G-dependent protections in these regions of ri-
way relax its grip on tRNA and mRNA to permit their bosomal RNA. On the other hand, the unlocked state
movement, without sacrificing the translational reading might be considered as a sort of transition state of trans-
frame. (2) The head of the 30S subunit. This is an in- location and as such would be expected to be a short-
dependent structural domain (Samaha et al., 1994) lived species. It might be possible to observe such a
attached to the rest of the subunit by a single helical state by constructing stable complexes that emulate the
element of 16S rRNA (Brimacombe et al., 1988; Stern transition state using chemical or genetic strategies.
et al., 1988b; Mueller and Brimacombe, 1997), a design Finally, the intriguing structural and functional analo-
that suggests independent movement. Neutron scatter- gies between EF-G and EF-Tu suggest that their under-
ing studies have provided evidence for movement of lying mechanisms may share fundamental similarities.
the head during translocation (Serdyuk et al., 1992). (3) Selection of tRNA, catalyzed by EF-Tu, has been pro-
posed to involve a similar transient unlocked state ofDomain IV of 23S rRNA. It has often been suggested
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SDS polyacylamide gel containing the fluorescent EF-G proteinsthe ribosome (Spirin, 1985). In this case, the unlocked
resolved from unreacted fluorophor.state could be induced by interactions between the anti-
The Fe(II)-conjugated EF-G proteins were bound to ribosomecodon arm of the tRNA in the EF-Tu ternary complex
complexes (described above), and the Fenton reaction was initiated
and features of the ribosome, perhaps the same ones (Heilek et al., 1995) to generate hydroxyl radicals in the vicinity of
mentioned above. Such a mechanism would explain the the tethered Fe(II). Primer extension analysis was used to locate
precisely the sites of hydroxyl radical cleavage as described (Sternapparent molecular mimicry between domain 4 of
et al., 1988a). The activity of the Fe(II)-conjugated EF-G proteinsEF-G and the anticodon arm of tRNA in the ternary com-
was assayed under the conditions of the hydroxyl radical probingplex. It also carries with it the suggestion that the original
experiments. Interaction of EF-G with ribosomes was assayed bytranslocase could have been made of RNA.
protection of nucleotides 1067 and 2660 in 23S rRNA by EF-G from
After completion of this work, electron microscopic dimethyl sulfate, as described (Moazed et al., 1988). GTPase activity
reconstruction studies were reported which show the was assayed by TLC (matrix, PEI-cellulose; mobile phase, 4 M so-
dium formate [pH 3.5]) using [g32P]GTP.position and orientation of EF-Tu-tRNA ternary com-
Calibration experiments show a semiquantitative relationship be-plexes bound to the ribosome, at low resolution (Stark
tween strength of cleavage of the RNA backbone and the distanceet al., 1997b). The position and orientation of the ternary
between the tethered Fe(II) and its target (see Joseph et al., 1997,complex are in striking agreement with what is pre-
and references therein). Strong band intensities indicate target sites
sented here for the corresponding features of EF-G, that lie within about 22 AÊ , moderate intensities from about 12 to 36
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